Abstract. Overexpression of α-methylacyl-coenzyme A racemase (AMACR/P504S) is a major abnormality that has been observed in prostate cancer, whereas microRNA (miRNA/miR) 200c, is downregulated. The aim of the present study was to explore whether miR200c was able to exert any regulatory effects on AMACR. To meet this aim, bioinformatics analysis was performed to identify potential binding sites for miR200c in the 3'-untranslated region (3'-UTR) of AMACR. Recombinant adenoviral and dual reporter gene assays were designed to examine the binding of miR200c to the potential seed sequences in the AMACR 3'-UTR. Conventional reverse transcription (RT)-PCR, RT-quantitative (q)PCR and western blotting were also used to examine the regulatory effects of miR200c on AMACR at the mRNA and protein levels. Furthermore, Cell Counting Kit-8, wound healing and Transwell assays were performed to investigate the biological effects of miR200c-AMACR deregulation on prostate cancer cell proliferation, migration and invasion. It was revealed that miR200c post-transcriptionally suppressed AMACR expression by interacting with the 90-97 nucleotide sequence of the AMACR mRNA 3'-UTR. Artificial overexpression of miR200c significantly downregulated the mRNA and protein levels of AMACR in DU145 and PC-3 prostate cancer cells. Knockdown of AMACR by RNA interference, or overexpression of miR200c by recombinant adenoviral Ad-miR200c, inhibited prostate cancer cell proliferation, migration and invasiveness. Taken together, the results of the present study revealed that miR200c may suppress the AMACR expression level post-transcriptionally. The results also indicate that perturbation of the miR200c-AMACR regulatory mechanism may be involved in prostate carcinogenesis and that this may be exploited in future therapeutic approaches to prostate cancer.
Introduction
MicroRNAs (miRNAs/miRs) are small, non-coding RNA molecules that negatively regulate gene expression either by messenger RNA (mRNA) degradation, or translational repression via binding to the 3'-untranslated region (3'-UTR) of target genes. miRNA dysfunction can play an important role in tumorigenesis and tumor progression. miR200c is an important member of the miR200 family, which functions as a tumor suppressor and is aberrantly expressed in various types of malignant tumors, including breast (1,2), gastric (3, 4) , colorectal (5) and ovarian cancer (6) , clear cell renal cell carcinoma (7) and prostate cancer (8) . Furthermore, miR200c has been shown to be a key regulator of epithelial-mesenchymal transition (EMT) (9, 10) in breast and prostate cancers. A number of genes, for example, those encoding BMI1 proto-oncogene, polycomb ring finger (BMI1) (11) , E2F transcription factor 3 (11), fibronectin 1 (FN1) (12) , insulin receptor substrate 1 (IRS1) (8) , PTEN (13) , fascin actin-bundling protein 1 (FSCN1) (14) and platelet-derived growth factor receptor (PDGFR) (15) , have been identified as distinct miR200c target genes, which are involved in diverse biological processes, including tumor cell proliferation, metabolism, metastasis and angiogenesis. Downregulation of miR200c has been shown to promote cell proliferation and metastasis, as well as to induce stem-cell like phenotype, in various types of cancer (16, 17) . Tang et al (18) reported reduced miR200c level in prostate cancer cells by microarray analysis. A previous study published by the authors' research group also demonstrated that miR200c is downregulated in prostate cancer and that it was associated with the growth and progression of prostate cancer cells (8) .
α-methylacyl-coenzyme A racemase (AMACR/P504S), an enzyme involved in fatty acid metabolism, was shown to be overexpressed in prostate cancer, which led to the promotion of cell proliferation (18) . The same study also revealed that artificial suppression of AMACR with RNA interference significantly inhibited the proliferation of prostate cancer cells (19) . It has also been reported that AMACR is overexpressed in other tumor types, including gastric (20) and colon (21) adenocarcinoma, breast cancer (1), gastrointestinal stromal tumors (22) , and myxofibrosarcomas (23) . Potential mechanisms of AMACR overexpression in prostate cancer and other tumors include transcriptional activation, for example, by CCAAT-enhancer-binding protein (C/EBP, and gene amplification (21) (22) (23) (24) (25) (26) . On the basis of the reduced expression of miR200c in prostate cancer cells and the authors' pilot bioinformatics analysis, the present study proposed the hypothesis that miR200c may be a negative regulator of AMACR.
The aim of the present study was to investigate the regulatory effect of miR200c on AMACR and to explore the biological functions of the miR200c-AMACR axis. In addition, experimental evidence is presented to show how miR200c directly targets AMACR by binding to the 90-97 nucleotide (nt) seed sequence of the AMACR mRNA 3'-UTR and that artificial upregulation of miR200c and/or downregulation of AMACR suppresses prostate cancer cell proliferation, migration and invasiveness.
Materials and methods

Cell lines and tissue samples.
The human prostate cancer cell lines PC-3, DU145, CL1, LNCaP and C4-2B were obtained from the American Type Culture Collection. The cell lines were maintained in RPMI-1640 medium (Life Technologies; Thermo Fisher Scientific, Inc.) supplemented with 10% fetal calf serum (FCS; Life Technologies; Thermo Fisher Scientific, Inc.) and 100 µg/ml penicillin and 100 µg/ml streptomycin. The 293 cell line was obtained from the American Type Culture Collection and maintained in DMEM (Life Technologies; Thermo Fisher Scientific, Inc.) with 10% FCS. Cells were cultured at 37˚C with 5% CO 2 . Benign prostatic hyperplasia (BPH) tissue (n=3; patient age 65-77) and prostate cancer tissue samples (n=3; patient age 72-81; Gleason score 7-9) were collected from March to May 2018 by transurethral resection of the prostate. All tissue samples were collected in the West China Hospital according to the ethical guidelines and procedures approved by the institutional supervisory committee. Informed consent was obtained according to the institutional guidelines. Fresh tissue samples were stored immediately at -80˚C.
RNA isolation, stem-loop reverse transcription (RT) and conventional RT-PCR.
Total RNA was isolated using TRIzol ® reagent (Life Technologies; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. SMART ® MMLV reverse transcriptase (Takara Biotechnology Co., Ltd.) was used for RT (temperature protocol: 16˚C for 30 min, 42˚C for 30 min, 85˚C for 5 min and 10˚C for 10 min). Stem-loop RT-PCR was employed to examine the mature miR200c, using the primer for miR200c designed with the sequence: 5'-GTC GTA TCC AGT GCA GGG TCC GAG GTA TTC GCA CTG GAT ACG ACT CCA TC-3'. The random RT primer, 5'-(dN) 9 -3' (Takara Biotechnology Co., Ltd.), was used for other genes. The PCR primers sequences were as follows: miR200c (forward, 5'-GCA TAG CCC GTA ATA CTG CCG GGT A-3'; reverse, 5'-GTG CAG GGT CCG AGG T-3', 67 bp); U6 (forward, 5'-TGG AAC GAT ACA GAG AAG ATT AGCA-3'; reverse, 5'-AAC GCT TCA CGA ATT TGC GT-3', 66 bp); AMACR (forward, 5'-GCT TAT TTA TGC CAG GCT GAG-3'; reverse, 5'-CTT CCC ACA GAC TCA ATT TCT G-3', 314 bp); and β-actin (forward, 5'-CTG GCA CCA CAC CTT CTA CAA TG-3'; reverse, 5'-CCT CGT AGA TGG GCA CAG TGT G-3', 248 bp). Thermocycling conditions were as follows: Initial denaturation at 95˚C for 5 min, 30 cycles of denaturation at 95˚C for 30 sec, annealing at 56˚C for 30 sec and extension at 72˚C before a final extension at 72˚C for 10 min.
The amplification products were resolved by 2% agarose gel electrophoresis and visualized by staining with the fluorescent dye, Goldview™ (Beijing Solarbio Science & Technology Co., Ltd.).
RT-quantitative (q)PCR.
RT-qPCR was performed on a Light Cycler 2.0 RT-qPCR instrument (Roche Diagnostics GmbH) using SYBRGreen as fluorescence (Bio-Rad Laboratories, Inc.) and data were analyzed with Light Cycler software, version 4.05 (Roche Diagnostics GmbH) as previously described (27) . The β-actin gene was used as control. The copy number of target genes (relative to β-actin) was determined using the 2 -ΔΔCq method (28) Western blotting was performed as previously described (29) . Briefly, after incubation, cells were trypsinized and lysed with RIPA cell lysis buffer containing PMSF (Beyotime Institute of Biotechnology) at 4˚C for 10 min. The total protein was obtained by centrifugation at 12,000 g at 4˚C for 10 min and quantified with a Bicinchoninic acid protein assay kit (Tiangen Biotech Co., Ltd.). Then total protein (40 µg/sample) was separated on a 10% SDS-PAGE gel and transferred to polyvinylidene difluoride membrane. After blocking with 5% nonfat milk at 37˚C for 2 h, the membrane was incubated with antibodies against AMACR at 4˚C overnight. After washing, the membrane was incubated with HRP-secondary antibody at 37˚C for 1 h. Then the membrane was washed and analyzed with ECL detection system (EMD Millipore). The expression of GAPDH was used as internal reference. Images were captured using the ChemiDox XRS system (Bio-Rad Laboratories, Inc.). Quantification was performed using ImageJ software (version 1.47; National Institutes of Health).
Recombinant adenoviral vectors for overexpression of miR200c. The recombinant adenoviral vector for overexpression of miR200c, Ad-miR200c, was constructed according to the protocol previously reported (30) . Briefly, the pri-miR200c sequence was amplified from 293 cell genomic DNA. PCR products were cloned into plasmid pMD19-T (Takara Biotechnology Co., Ltd.), verified by sequencing and subcloned into shuttle plasmid pAdTrack-CMV to construct pAdTrack-miR200c. pAdTrack-miR200c, linearized with PmeI, was used to transform BJ5183-AD-1 cells harboring the adenoviral pAdeasy-1 vector (Stratagene; Agilent Technologies, Inc.) for homologous recombination. Colonies were screened by plasmid miniprep and PacI restriction analysis to obtain clones with recombinant miR200c (designated 'pAdeasy-miR200c'). PacI-linearized pAdeasy-miR200c was used to transfect 293 cells to obtain packaged recombinant miR200c adenovirus (designated Ad-miR200c). Ad-miR200c was amplified by repeated infection and verified by PCR. The pAdTrack-CMV empty vector was used as control (designated 'Ad-control'). The titers and the multiplicity of infection were determined according to the manufacturer's protocols. After transfection for 48 h, green fluorescence was observed using an inverted fluorescence microscope (1X71; Olympus Corporation).
Luciferase reporter constructs and site-directed mutagenesis. The seed sequences of AMACR 3'-UTR (90-97 nt) with flanking sequences were amplified from the genomic DNA of 293 cells. The 3'-UTR of the AMACR mRNA was analyzed using TargetScan 6.2 (http://www.targetscan.org/). PCR products were cloned into plasmid pMD19-T (Takara Biotechnology Co., Ltd.) and subsequently subcloned into the vector pGL3-promoter (Promega Corporation) and inserted into the 3'-UTR downstream of the luciferase coding sequence. Overlapping PCR was used for site-directed mutagenesis of the seed sequences (CAGTATTA mutated to GGGGTTT) to construct pGL3-AMACR-UTRmutant (mut), the PCR primers for which were 5'-ATG GAG GAA GGG GTT TCA GT-3' (forward) and 5'-ACT GAA ACC CCT TCC TCC AT-3' (reverse).
Dual reporter gene assays. Cells were cultured in 24-well plates (1x10 5 cells/well) and transfected with the reporter constructs (0.8 µg) using Novagen ® NanoJuice™ transfection reagent (EMD Millipore). The pRL-CMV vector (0.02 µg; Promega Corporation) was co-transfected as the internal control. The luciferase expression of pGL3-promoter plasmid was used as baseline. Cells were infected with Ad-miR200c and subsequently trypsinized with 0.25% trypsin at 48 h post-transfection. The firefly and Renilla luciferase activities were determined using a Luminometer TD-20/20 (Turner BioSystems) with the Dual Luciferase ® Reporter Assay system (Promega Corporation). The relative luciferase activity was determined by calculating the ratios of firefly/Renilla luciferase activities.
RNA interference. Double-stranded small-interfering RNAs (siRNAs) and controls (si-CON, 5'-GCG CGC TTT GTA GGA TTC G-3') were designed, synthesized, and purified by Guangzhou RiboBio Co., Ltd. The three siRNAs targeting AMACR were designed as follows: 5'-GCC ACG ATA TCA ACT ATT T-3' (si-AMACR1), 5'-GCA CCT TTC TAT ACG ACT T-3' (si-AMACR2) and 5'-GGA GGT TGT TCA TCA TGA T-3' (si-AMACR3). Cells were transfected with 0.1 nmol siRNA or si-CON using Novagen ® NanoJuice™ transfection reagent (EMD Millipore) and collected 24 h later. . The full-length cDNA of the AMACR coding sequence was cloned into the thymine and adenine clone vector (pMD19-T) and subcloned into the pcDNA3.1 vector (Clontech Laboratories, Inc.). The primers used for cloning were as follows: 5'-AGA TCT CAT GGC ACT GCA GGG CA-3' (forward) and 5'-GGT ACC TAG AGA CTA GCT TTT ACC TT-3' (reverse). PC-3 and DU145 cells infected by Ad-miR200c were transfected with AMACR expression plasmid (pcDNA3.1-AMACR) or pcDNA3.1 blank vector (pcDNA3.1-blank) using Novagen ® NanoJuice™ transfection reagent (EMD Millipore). After incubation for 4 h in serum-free medium, the medium was replaced with DMEM medium containing 10% FCS and cells were incubated for a further 44 h before analysis.
Artificial overexpression of AMACR in PC-3 and DU145 cells infected by
Cell Counting assay. The cell suspension was seeded in 96-well plates (3,000 cells/well) and pre-incubated for 24 h with RPMI-1640 media containing 10% FCS, penicillin and streptomycin. Cells were subsequently treated with si-AMACR or si-CON for 0, 24, 48, or 72 h, respectively. Cells were also treated with Ad-CON, Ad-miR200c, or Ad-miR200c + pcDNA3.1-AMACR for 0, 24 or 48 h, respectively. Subsequently, 10 µl CCK-8 (Dojindo Molecular Technologies, Inc.) was added to each well and incubated for 2 h at 37˚C. The absorbance was examined at 450 nm using a scanning multi-well spectrophotometer (Thermo Fisher Scientific, Inc.). The proliferation index (PI) was calculated as PI=[(A sample -A blank )/(A control -A blank )] x100%.
Wound-healing assay. DU145 and PC-3 cells were seeded in 12-well plates (3x10 5 cells/well) and incubated with PRMI-1640 media at 37˚C with 5% CO 2 until the cells reached ~95-100% confluence. A wound was created using a 200 µl pipette tip to scratch a vertical wound on the cell monolayer of each well, which was subsequently washed with PBS twice to remove the floating cells. The widths of the wounds were measured under an inverted light microscope (DM IL; Leica Microsystems GmbH) at 0 h and at 24 h after incubation in serum free medium.
Transwell assays. Transwell cell migration and invasion assays were performed using a Transwell insert (8-µm pore size) with or without BD Matrigel™ (Becton, Dickinson and Company). A total of 100 µl Matrigel was added to the upper chamber surface of the membrane for the invasion assay. A total of 1x10 5 cells in 200 µl serum free medium were plated in the upper chambers and 800 µl medium containing 10% serum was added to the lower chambers. After 48 h incubation, the membrane was washed with PBS, fixed in 4% paraformaldehyde at room temperature for 30 min and stained with 0.1% crystal violet at room temperature for 10 min. Cells on the upper side of the membrane were removed using cotton swabs and cells that had migrated to the lower side were counted using an inverted light microscope at 100x magnification.
Statistical analysis.
All experiments were performed at least in triplicate, unless otherwise stated. Data are presented as the mean ± standard deviation. SPSS version 17 software (SPSS, Inc.) was used for general analysis of the statistical data. All quantitative data were analyzed using Student's t-test or one-way analysis of variance with Tukey's post-hoc test. P<0.05 was considered to indicate a statistically significant difference.
Results
Low expression of miR200c and overexpression of AMACR in prostate cancer cells and prostate cancer tissue.
The expression of mature miR200c and AMACR mRNA was investigated by stem loop RT-PCR and conventional RT-PCR. The results revealed high expression levels of miR200c and low levels of AMACR, in BPH tissue samples (BPH-1, BPH-2 and BPH-3; Fig. 1A ). In contrast, in prostate cancer tissue samples and prostate cancer cell lines (CL1, C4-2B, LNCaP, PC-3 and DU145 cell lines), decreased levels of miR200c and increased levels of AMACR were observed compared with (Fig. 1A) . The RT-qPCR results showed that the expression levels of miR200c in the prostate cancer tissue samples and cell lines were ~25% compared with that in the BPH samples, whereas the AMACR level was ~3-4-fold higher in the prostate cancer tissue samples and cell lines compared with that of BPH (Fig. 1B) . Fig. 2 . Concomitantly with the artificial overexpression of mature miR200c, the mRNA and protein levels of AMACR were both significantly downregulated in DU145 and PC-3 cells compared with the control (P<0.05; Fig. 2A and B) .
Artificial overexpression of miR200c by adenoviral vectors leads to downregulation of AMACR. The effect of miR200c on AMACR expression level is shown in
Identification of potential miR200c seed sequences in the AMACR 3'-UTR.
The 2,107-nt 3'-UTR of the AMACR mRNA was analyzed, which identified 90-97 nts of the 3'-UTR to be the potential seed sequence targeted by miR200c. Sequence analysis of the genomic DNA revealed no deletions or mutations in the AMACR 3'-UTR in DU145 and PC-3 cells (Fig. 3A) .
miR200c targets the 3'-UTR of AMACR, as revealed by dual-reporter gene assay.
Luciferase reporter gene constructs (pGL3-AMACR-UTR) were prepared, in which the potential seed sequence for miR200c in the AMACR 3'-UTR was inserted downstream of the luciferase coding sequence, as were constructs in which the seed sequence was mutated (pGL3-AMACR-UTRmut). Following artificial overexpression of miR200c by Ad-miR200c, dual-reporter assay revealed a significant decrease in luciferase reporter gene activity in cells treated with the pGL3-AMACR-UTR construct compared with controls, whereas mutations of the seed sequence significantly restored the luciferase gene activity in constructs bearing mutated 3'-UTR (P<0.05; Fig. 3B ).
Knockdown of AMACR by RNAi or artificial overexpression of miR200c suppresses PC-3 cell proliferation
, migration and invasiveness. siRNAs for AMACR were designed, which knocked down the AMACR levels in DU145 and PC-3 cells. Additionally, transfection of pcDNA3.1-AMACR also led to significant knockdown in both cell lines (P<0.05; Fig. 4A and B) . The decrease in the mRNA expression level of AMACR in DU145 and PC-3 cells infected with Ad-miR200c could be reversed by artificial overexpression transfection of the pcDNA3.1-AMACR vector (P<0.05; Fig. 4C ). The CCK-8 cell proliferation assay revealed that DU145 and PC-3 cell proliferation was inhibited by si-AMACR or by artificial overexpression of miR200c, whereas artificial AMACR overexpression by pcDNA3.1-AMACR transfection reversed the effects elicited by Ad-miR200c (P<0.01 or P<0.05; Fig. 4D ).
The wound-healing assays demonstrated decreased levels of cell migration following treatment of the prostate cancer cells with si-AMACR or artificial overexpression of miR200c compared with si-Control, a result that was reversed by artificial overexpression of AMACR using pcDNA3.1-AMACR (P<0.05; Fig. 5A and B) . Similarly, Transwell assays revealed that si-AMACR or artificial overexpression of miR200c inhibited prostate cancer cell migration and invasiveness compared with controls, whereas artificial AMACR overexpression by pcDNA3.1-AMACR reversed the effects of Ad-miR200c (P<0.05; Fig. 5C and D) .
Discussion
The present study aimed to investigate the regulatory effects of miR200c on AMACR and to explore the biological effects of miR200c-AMACR deregulation on prostate cancer cell proliferation, migration and invasion. The authors' pilot studies and bioinformatics analysis (data not shown) indicated that miR200c may regulate AMACR at post-transcriptional level. The present study showed that artificial overexpression of miR200c downregulated AMACR by interacting with the 3'-UTR of AMACR.
Previous studies have shown that miR-200c serves a critical role in inhibiting EMT, cell motility and tumor metastasis of various cancer types (9, 10) . The present results showed that knockdown of AMACR and artificial overexpression of miR200c led to marked inhibition of proliferation, migration and invasion of prostate cancer cells (9) .
AMACR is an enzyme associated with lipid metabolism; specifically, the β-oxidation of dietary branched-chain fatty acids and bile acid synthesis (30) . AMACR may be upregulated via different mechanisms in tumors, including an increase in the amount of branched-chain fatty acids in the diet (31), transcriptional activation by C/EBP (which may function as an enhancer) (26), Sp1 (21) or Brachyury (24) , or by downregulation of inhibitory miRNAs (32) . The branched-chain fatty acid, phytanic acid, predominantly exists in red meat and dairy products, an excessive intake of which is associated with both an increased risk of prostate cancer and an increase in the expression level of AMACR in prostate cancer cells (31) . To the best of the authors' knowledge, the present study is the first to identify AMACR as a novel target of post-transcriptional regulation by miR200c.
The expression of AMACR is regulated by several transcription factors. The C/EBP family member, C/EBP, activates the expression of AMACR transcription (23) , whereas the promoter activity of AMACR was shown to be downregulated by C/EBP, p53 and the p50 subunit of nuclear factor-κB, which may interact with the basal transcription machinery or other transcription factors (25) . Recently, Brachyury, a T-box transcription factor, was shown to directly bind to and promote the promoter activity of AMACR in prostate cancer (24) . Sp1 may lead to overexpression of AMACR by binding to the CpG island of the promoter region, whereas ZNF202 may inhibit AMACR expression (21) . It has also been reported that, in gastrointestinal stromal tumors (22) and myxofibrosarcomas (23) , two distinct soft tissue tumors, AMACR gene amplification resulted in its overexpression, which promoted tumor cell proliferation and cell cycle progression. MiR200c, a major member of the miR200 family, has been shown to promote expression of the cell-adhesion molecule E-cadherin by suppressing the oncogenic transcription factor ZEB1, thus inhibiting EMT and metastatic potential of tumor cells (9, 10) . A variety of genes have been identified as distinct miR200c target genes, which are involved in diverse biological processes. For example, miR200c was shown to suppress renal cancer cell growth and metastasis by targeting BMI1 and E2F3, which are well recognized as oncogenes involved in cell cycle regulation and cell proliferation (11) . miR200c was also shown to bind to FN1, the gene encoding fibronectin-1, a cell-adhesion molecule involved in multiple cellular processes, including embryogenesis, blood coagulation, wound healing and tumor metastasis, which also suppresses the proliferation, migration and invasion of gastric cancer cells (12) . The present research group previously identified FSCN1 as a target inhibited by miR200c, the loss of which promoted expression of the actin-binding protein, fascin-1 and urothelial carcinoma invasiveness (14) . PDGFR-β has also been shown to be an miR200c target, which mediates endothelial differentiation in triple-negative breast cancer (15) . The present authors have previously reported that the gene for IRS1 is a target of miR200c, the downregulation of which, in prostate cancer, results in overexpression of IRS1, which promotes the proliferation of prostate cancer cells (8) . The multi-targeting function of miR200c as a tumor-suppressor miRNA indicates that it has a pivotal role in inhibiting cell growth and migration.
The biological effects of AMACR overexpression may be manifold. As discussed above, AMACR overexpression has been associated with tumor cell proliferation in various tumor types, including prostate cancer (21) (22) (23) (24) . Interference of AMACR was shown to reduce cell proliferation and in vivo tumor growth in prostate cancer xenografts (19, 33) . In the authors' future research, they will study other regulatory mechanisms related with miR200c or AMACR more deeply and thoroughly. Taken together, the experiments in the present study have indicated that knockdown of AMACR expression, or artificial overexpression of miR200c may suppress prostate cancer cell proliferation, migration and invasiveness. The miR200c-AMACR regulatory mechanism may be involved in prostate cancer carcinogenesis and progression and could be exploited as a putative therapeutic target for prostate cancer treatment.
